Ionizing radiation induces p53-dependent apoptosis in the spleen, providing a model system to study p53 regulated events in a normal cell type. We have developed an in vivo model that identi®es genetic dierences in the regulation of p53-mediated apoptosis and addresses whether altered post-translational events in the p53 ± p21/Rb axis modulate the sensitivity of cells to radiation-induced cell death in vivo. Splenocytes from mice with distinct genetic backgrounds (DBA/2 and C57BL/6) exhibit dierences in the rate of apoptosis. Whilst no obvious strain dierences in protein levels of Bcl-2 or the cyclin-CDKs were observed, early posttranslational regulatory events in the p53 ± p21/Rb axis showed striking dierences in the two mouse strains. Cells from C57BL/6 animals undergo more rapid apoptosis after irradiation resulting from elevated levels and rapid induction of p53, pronounced Rb-cleavage, and the absence of a sustained induction of p21. In contrast, cells from DBA/2 animals have a reduced rate of apoptosis following irradiation with elevated levels of hyperphosphorylated Rb and a sustained induction of the p21 protein that is coincident with the C-terminal phosphorylation of p53. These data suggest that quantitative dierences in the level of p21 protein can aect the rate of apoptosis in vivo, consistent with the view that p21 is an anti-apoptotic eector of p53. However, striking dierences in the Rb protein ± caspase cleavage or hyperphosphorylation ± in the same cell type, but in dierent genetic backgrounds, demonstrates that p53-dependent apoptosis can be modulated in vivo by genetic factors that impinge upon the pro-or antiapoptotic potential of Rb. In addition, we show that Rb cleavage is p53-dependent and that its phosphorylation status can be uncoupled from p21 expression. This study highlights the possibility that genetic factors can be identi®ed that aect dierential sensitivity of cells to ionizing radiation in vivo Oncogene (2001) 20, 3597 ± 3608.
Introduction
Following exposure to ionizing radiation, a cell-speci®c programme of either cell cycle arrest or apoptosis is engaged. Orchestration of such complex cellular processes is highly regulated and involves the detection and signalling of DNA lesions, the activation of key eector proteins, and the ability to either repair DNA to ensure cell survival or to set the threshold for engaging apoptosis in an irreversibly damaged cell. Central to the DNA damage response in mammalian cells is the tumour suppressor protein p53 and major proteins down-stream of this transcription factor that act in a damage-induced checkpoint and apoptotic pathway (recent reviews Oren, 1999; Somasundaram, 2000) .
The property of p53 most closely linked to its activity as a tumour suppressor is the ability to bind DNA in a sequence speci®c manner and to activate gene transcription (Kern et al., 1991) . p53 is an upstream component of a damage-dependent checkpoint that controls p21 (a cyclin-dependent kinase inhibitor) protein levels; in turn p21 can regulate the phosphorylation status of the retinoblastoma protein (Rb). This forms a paradigm describing one key function of the p53 tumour suppressor. The p21 gene is a direct transcriptional target of p53 and is an essential component of the damage activated checkpoint pathway leading to growth arrest late in G1-phase of the cell cycle (Dulic et al., 1994; el-Deiry et al., 1994; Waldman et al., 1995) . Cell cycle progression is driven by the cyclin-dependent protein kinase (CDK) family, which is tightly regulated by post-translational mechanisms including phosphorylation, degradation, and the action of small molecular weight kinase inhibitors (Lees, 1995; Sherr and Roberts, 1999) . The p21 protein is one such inhibitor; originally identi®ed as a cyclin-dependent kinase and PCNA binding protein (Xiong et al., 1992) it was subsequently shown to inhibit the catalytic activity of some cyclin-CDKs through interactions with both the regulatory cyclin subunit and the CDK catalytic subunit (Ball, 1997; Sherr and Roberts, 1999) . One major target for the G1-CDKs is the Rb tumour suppressor protein whose phosphorylation during a normal cell division cycle is thought to inactivate its function as a transcriptional repressor of E2F1-dependent promoters (Harbour and Dean, 2000; Mittnacht, 1998) . Inhibition of CDK activity by eectors such as p21 retains Rb in a hypophosphorylated-active form that prevents E2F1-dependent gene expression. Although this model does not always explain the mechanisms whereby the p53 ± p21/Rb axis functions as a tumour suppressor pathway in cancer cell lines, it provides a framework for examining how it is regulated in normal cell types and how its modulation can aect growth arrest or apoptotic rates.
It is well documented that p53 activity is a prerequisite for DNA-damage induced apoptosis to occur in some cell types (Clarke et al., 1993; Komarova et al., 2000; Merritt et al., 1994) , however it is becoming clear that members of the G1-checkpoint pathway downstream of p53 also play a role in the regulation of cell death. p21 is strongly implicated as an inhibitor, rather than a promoter, of cell death by apoptotic mechanisms. Thus, cancer cells with a functioning p21-dependent checkpoint pathway respond to ionizing radiation or anti-cancer drugs like adriamycin by undergoing G1-arrest (Bunz et al., 1999) , while loss of the p21 gene results in cells that show a marked enhancement in the rate of radiation and drug-induced apoptosis in cultured cells (Freemerman et al., 1997) , xenographs (Tian et al., 2000; Waldman et al., 1997) and p217/7 mice (Komarova et al., 2000) . In addition, over expression of p21 can confer resistance to apoptotic cell death in a variety of human cell lines (Gorospe et al., 1996 (Gorospe et al., , 1997 . Consistent with this is the observation that cleavage of full-length p21 by members of the caspase family of proteases is an early event in DNA damage induced apoptosis (Gervais et al., 1998; Park et al., 1998) .
There is increasing evidence the Rb also has the potential to protect cells from apoptotic cell death. Rb 7/7 muscle cells show a marked increase in levels of cell death at the time of dierentiation . Myocytes and ®broblasts lacking functional Rb are hypersensitive to apoptotic stimuli when fully dierentiated (Almasan et al., 1995; Wang et al., 1997) and transfection of primary hepatocytes with Rb anti-sense constructs blocks the expression of Rb and induces apoptosis, with dominant negative Rb having a similar eect in epithelial cells (Fan et al., 1996; Whitaker and Hansen, 1997) . In addition, the over-expression of Rb leads to inhibition of apoptosis induced by a number of stimuli, including TGF-b (Fan et al., 1996) , DNA-damage (Haas-Kogan et al., 1995) and p53 over-expression (Haupt et al., 1995) . However, whether p21 and Rb are able to modulate the apoptotic activity of p53 and whether they contribute to the sensitivity of a normal cell in vivo to radiation damage is not clear.
It is well established that the sensitivity of cells to radiation induced death depends on their origin, so that lymphoid cells, intestinal epithelial cells and germ cells undergo rapid p53-dependent apoptosis in response to ionizing radiation (Clarke et al., 1993; Komarova et al., 2000; Merritt et al., 1994) . Most studies aimed at understanding and manipulating radiosensitivity for therapeutic application have been carried out in cultured tumour cell lines. However, many radiosensitive tumour cells become insensitive when grown in culture (Muschel et al., 1998) . In addition, as the majority of tumour cells in culture have mutations or deletions in the tumour suppressor proteins that play a role in cell cycle progression including p16, p53 and Rb, cultured cells do not necessarily provide the best model for studying the genetic factors that determine sensitivity to radiation in vivo. Here we report on the use of inbred strains of mice with a known dierential sensitivity to radiation damage (Nomura et al., 1992; Roderick, 1963; Watson et al., 1997) to determine whether rates of apoptosis can be aected by dierential modulation of the p53-p21/Rb axis in non-transformed cells. Using the spleen as a model we show dramatic dierences in the susceptibility of these animals to radiation induced apoptosis dependent on their genetic background. The rate of apoptosis correlates with dierences in regulation of the G1-checkpoint pathway and suggest that p21 and Rb can modulate the activity of p53 as an activator of cell death. Strikingly, dierences in the regulation of p53 and Rb co-segregate in the F 1 hybrid, demonstrating that upstream factors coordinate posttranslational events in the p53 ± p21/Rb axis.
Results

Development of a quantitative system for analysing rates of apoptosis in vivo
In order to begin to de®ne key molecular events that control the rate of apoptosis in vivo, a quantitative analysis of the extent of apoptosis was performed in splenic tissue from two inbred strains of mice with a dierent genetic predisposition to radiation damage (Nomura et al., 1992; Roderick, 1963; Watson et al., 1997) . The majority of studies on the sensitivity of cells to ionizing radiation in vivo have employed doses sucient to elicit animal death (5 ± 10 Gy) (Komarova et al., 2000; Merritt et al., 1994; Midgley et al., 1995; Wilson et al., 1998 ). In the current study a sub-lethal radiation dose of 1 Gy was used to ensure a more physiological system could be developed whereby animal death could be uncoupled from damagedependent apoptotic rates and changes at the molecular level. Signi®cant dierences in the number of apoptotic cells induced in the splenic tissue were detected between the DBA/2 and C57BL/6 strains post-irradiation. When tissue sections were stained with haematoxylin and eosin the vast majority of apoptotic cells were detected in the white pulp independent of strain (data not shown). However, splenocytes of the C57BL/6 strain begin to undergo signi®cant apoptosis 2 h post-irradiation, whereas there was a delay in the response of the DBA/2 animal. In addition, the extent of apoptosis was 2 ± 3-fold elevated in the cells of the C57BL/6 spleen at any time point post-irradiation analysed up to 6 h (Figure 1 ), this time point appears to be close to the peak in the number of cells undergoing cell death as fewer apoptotic bodies were seen at 8 h, and by 24 h levels had returned to near basal (data not shown). It is well established that there are quantitative dierences in genome stability (Watson et al., 1997) , animal survival (Roderick, 1963) and cell viability (Nomura et al., 1992) between the C57BL/6 and DBA/2 strains following exposure to radiation, and we have shown that these animals also have quantitative dierences in the rate of apoptotic cell death in the spleen. It is generally believed that genetic factors can control the rates of radiation-induced cell death and/or survival in these inbred strains of mice (Nomura, 1982) . Such genetic predisposition to radiation-induced cell death and/or survival makes an understanding of the factors that control apoptosis important for de®ning radiation-sensitivity in humans. The rate and extent of apoptosis were therefore also examined in the (C57BL/66DBA/2) F 1 hybrid ( Figure  3b ). This shows that the number of apoptotic cells in the spleen of the F 1 hybrid although initially similar to the DBA/2 parent are by 6 h intermediate between that of the DBA/2 and C57BL/6 parents. This behaviour is compatible with radiation-induced apoptosis in the spleen being controlled by more than one genetic locus, as with other tissue types (Weil et al., 1997) .
Genetic differences in the hyperphosphorylation of Rb correlate with the rate of cell death Dierences in the number of apoptotic cells in splenic tissue from the DBA/2 and C57BL/6 mice de®ne a physiological and quantitative model system to delineate the biochemical factors that aect the rates of radiation-induced apoptosis. Since the absolute levels of p53 protein have been suggested to determine the rate of apoptosis, while the levels of Rb and p21 have been suggested to promote survival after celldamage, all three were analysed for alterations in protein levels and, in the case of Rb and p53, their phosphorylation status.
Phosphorylation of Rb that induces a mobility-shift is commonly believed to re¯ect the level of inactive Rb, whereas Rb hypophosphorylation that produces the faster migrating isoform de®nes active Rb. Figure 2a de®nes these two forms in mouse spleen on the basis of mobility and sensitivity to phosphatase treatment. Immunoblots with antibodies to the central (G3-245) and C-terminal (C-15) region of Rb were used to analyse expression in lysates from spleen of C57BL/6, DBA/2, and F 1 hybrid animals to determine whether quantitative alterations in Rb modi®cation correlated with rates of apoptosis. A signi®cant proportion of total Rb protein was hyperphosphorylated in the DBA/2 animals, whereas hyperphosphorylated Rb was below the level of detection in the C57BL/6 strain, in addition the total amount of Rb per mg of protein was lower in the C57BL/6 strain ( Figure 2b ). Dierences in the Rp-p) . Spleen lysate (50 mg) from DBA/2 mice was untreated, lysed in the absence of NaF (7NaF) or treated with calf intestinal phosphatase (+Pase) then separated by 8% SDS ± PAGE and analysed by immunoblot probed with the anti-Rb monoclonal antibody G3-245. (b) Spleen lysates (50 mg) from C57BL/6, DBA/2 and F 1 mice were separated by SDS ± PAGE using 8% gels and analysed by immunoblot using two dierent antibodies to Rb, G3-245 and C15. Rb-p represents the hyperphosphorylated form and Rb the hypophosphorylated form of the protein. The data are representative of three such experiments basal phosphorylation status of Rb between these two strains were highly reproducible both between littermates and between mice from dierent litters, with no seasonal variation observed. When puri®ed full-length Rb was added to either C57BL/6 or DBA/2 extracts and incubated at 308C, no change in mobility was observed. When lysates from the DBA/2 and C57BL/6 mice were mixed, no loss of the hyperphosphorylated form contributed by the DBA/2 lysates was seen (data not shown). Hence, degradation or dephosphorylation of Rb is not occurring in the extracts and, as both the Rb antibodies gave the same result, dierences in the C57BL/6 and DBA/2 are unlikely to be due to epitope masking. In agreement with previous observations (Mittnacht et al., 1994) we found that the hyperphosphorylated form of Rb was actually more easy to extract from tissue than the hypophosphorylated form (data not shown) consistent with hypophosphorylated Rb being tightly associated with chromatin. Therefore our data do not re¯ect a diculty in extraction of the hyperphosphorylated form of Rb. Thus, major dierences between the DBA/2 and the C57BL/6 mice were detected in terms of both the basal amount and the phosphorylation state of Rb.
When spleens from the F 1 hybrid were analysed it was striking that like the DBA/2 parent, readily detectable levels of hyperphosphorylated Rb were present, indicating that this trait segregates with the DBA/2 parent in a dominant fashion. The outbred mouse, Mus spretus, showed a similar pattern of Rb phosphorylation to the C57BL/6 mice, where hyperphosphorylated Rb was barely detectable (Figure 3a) . When the rate of apoptosis in these mice was determined they were also found to have a comparatively high rate of cell death following irradiation ( Figure 3b ). In fact, the number of apoptotic cells was slightly higher in outbred Mus spretus than in C57BL/6 mice. This indicates that basal phosphorylation status, correlates with sensitivity to radiation-induced cell death.
Cleavage of Rb following whole body irradiaton
To further characterize the system, measurements of Rb were made in spleens after exposure to 1 Gy whole body ionizing-radiation. Figure 4a shows time courses from two dierent batches of mice which are representative of the four separate time courses that we analysed. The pattern of Rb seen in both the C57BL/6 and DBA/2 mice was highly reproducible, and although some dierences were observed between dierent batches of F1 mice this was due to dierences in timing with the overall pattern remaining the same. A faster migrating Rb product was observed at 1 h post-radiation in both the C57BL/6 and DBA/2 strains ( Figure 4a ). This form (DRb) was characterized using various approaches (Figure 4b) . First, the altered mobility was not due to dephosphorylation, as DRb ran faster than full-length recombinant Rb and Rb from mouse spleen that had been phosphatase treated. Second, anti-sera to the extreme C-terminus of Rb was unable to bind the faster migrating form, and third, treatment of Rb with puri®ed caspase 3 produced a form with identical mobility to radiation induced DRb observed in the spleen. As a proportion of total Rb protein DRb was pronounced in the C57BL/6 strain where, as determined by densitometry, between 40 ± 50% of the protein was consistently found in the cleaved form at 1 ± 2 h (results calculated from four independent experiments). In the DBA/2 mice the portion of Rb found in the cleaved form (DRB) peaked at 15 ± 25% of total Rb protein. Concomitant with the appearance of DRb in the DBA/2 spleen there was a decrease in the levels of hyperphosphorylated Rb. This is consistent with the idea that Rb needs to be dephosphorylated prior to cleavage Dou et al., 1997) and that the DBA/2 cells which retain hyperphosphorylated Rb fail to engage the cell death pathway. The pattern of Rb phosphorylation and cleavage in the F 1 hybrid was initially more like the DBA/2 parent than the C57BL/6 parent (0 ± 2 h). However, in a similar manner to apoptosis, by 6 h Rb status was intermediate between the two parents ( Figure 4a ). In addition, the appearance of DRb was . PARP is an enzyme that catalyses the formation of a complex homopolymer of ADPribose on nuclear proteins and is a well characterized substrate for caspase-3. A cleavage product of PARP (85 kDa) appeared in all the mice at 1 h co-incident with the appearance of DRb (Figure 4a and c) and cleavage of caspase 3 to the active form (data not shown).
To determine whether changes in Rb status during the response to radiation can be placed in the p53-dependent checkpoint pathway we looked at Rb regulation in spleens of p537/7 mice ( Figure 5 ). The Rb status in control lysates from these mice was similar to that in the C57BL/6 mice with barely detectable levels of the hypophosphorylated form of Rb. However, when these mice were irradiated there was no evidence of the C-terminal cleavage product (DRB) seen in both the C57BL/6 and DBA/2 mice. The fact that Rb cleavage does not occur in the splenic tissue from the p53 null animals post-irradiation, supports the idea that p53 can facilitate pRb cleavage (Gottlieb and Oren, 1998) and places Rb cleavage down stream of p53 activation in spleen cells. The fact that the p53 null animals, like the C57BL/6 mice, have barely detectable levels of hyperphosphorylated Rb means that we were not able to determine whether the dephosphorylation of Rb that accompanies cleavage in the DBA/2 mice is also dependent on p53 status.
Results presented in this section suggest that DRb is a C-terminal cleavage product of Rb generated by caspase 3 that is associated with the onset of apoptosis in mouse splenocytes from p53+/+ mice. In addition, the higher rate of radiation induced cell death observed in the C57BL/6 mice is accompanied by an increase in the relative amount of DRb consistent with loss of fulllength Rb contributing to the number of cells undergoing apoptosis in the spleen of C57BL/6 mice. Although C-terminal cleavage of Rb to generate DRb has previously been observed in tumour cell lines which are prone to apoptosis (Tan and Wang, 1998 ) the current study demonstrates that Rb cleavage occurs during radiation induced apoptosis in normal cells within the context of the whole animal. Rb cleavage in this system is maximal at 1 ± 2 h, co-incident with maximal PARP cleavage, and precedes appearance of apoptotic cells by several hours. In contrast, in the splenic tissue from p53 null animals cleavage of Rb was not detected, suggesting that this event is associated with a p53-dependent growth control pathway. Thus, our in vivo model provides evidence that Rb is involved in protecting normal cells from apoptosis and that this activity is dependent on its phosphorylation status. The levels of the p21 cyclin kinase inhibitor are one of the factors that can impact on Rb phosphorylation status as it is upstream of Rb in the G1-checkpoint pathway. In control animals p21 protein is present at extremely low levels. Two dierent p21-speci®c antibodies that recognize dierent regions of the protein (118 and F5) readily detected p21 in extracts from mouse cell lines, however we were unable to detect signi®cant amounts of the p21 protein in undamaged spleen lysates (Figure 6a ). In fact, p21 protein levels in un-irradiated mice were only readily detected in intestinal tissue (data not shown). This is consistent with data on p21 mRNA levels in mouse tissues (Bouvard et al., 2000; Macleod et al., 1995) and suggests that the elevated amount of p21, often observable in cultured cell lines, may not be representative of the levels found in vivo. p21 protein was, however, detected in splenic tissue following exposure to radiation with the amount increasing an estimated 20 ± 25-fold (Figure 6b ). There was a marked dierence in the kinetics of p21 protein induction between the DBA/2 and C57BL/6 strains. A transient peak of p21 was observed 2 h post-radiation in the C57BL/6 mice, in contrast induction in the DBA/2 mice was seen at 1 h and was sustained up to 6 h. In the F 1 hybrid the p21 response was identical to that seen in the DBA/2 parent over the ®rst 2 h, however p21 levels subsequently decreased so that at later time points levels were similar to those found in the C57BL/6 parent.
We were interested to know if our results showing dierences in p21 and pRb between these strains of mice was indicative of global changes it cell cycle and apoptosis associated proteins. Measurements were therefore made of the cell cycle regulatory cyclinDCKs (cyclin A, E and D, Cdk2 and Cdk4), as well as, Bcl-2 and Bax, two proteins which have opposing roles in the control of cell death. Levels of Cdk4 (Figure 6c ) and Bcl-2 (Figure 6d ) are similar in all three strains and are unaected by exposure to radiation. Similar results were also found when the blots were probed with antibodies to Cdk2, or cyclin A, E and D (data not shown). At the dose of radiation used here only slight increases in Bax protein expression were detected in both strains of mice (Figure 6d ). However, there was a noticeable dierence in the mount of Bax protein present in control mice, with the DBA/2 strain having lower levels of Bax compared to the C57BL/6 animals, where as the F 1 has intermediate levels. The fact that Bax protein levels are dierent in the two strains, whereas the cyclin-CDKs and Bcl-2 are not, could re¯ect the fact that like p21, Bax has been shown to be a direct downstream transcriptional target of p53 at least in some cell types (Miyashita and Reed, 1995) .
The data presented in this section are consistent with a model where the presence of p21 reduces the rate of apoptosis induced by radiation, and as increases in p21 expression post-irradiation are dependent on p53 (Bouvard et al., 2000; Macleod et al., 1995) , a key eector of apoptosis in the spleen (Komarova et al., 2000; Midgley et al., 1995) , p53 protein levels were examined in the two strains. The DBA/2 strain had low basal levels of p53 and induction was delayed compared to the C57BL/6 strain (Figure 7a,b) . Thus, the amount of p53 protein shows an inverse correlation to Rb levels, which are high in DBA/2 and low in the spleen of C57BL/6 mice ( Figure 2) . Again the pattern of p53 expression and accumulation during the early response period (0 ± 2 h) for the F 1 hybrid were more like those seen in the DBA/2 than the C57BL/6 mouse ( Figure 7a ). It is known that p53 is synthesized in an inactive latent form which can be activated in vitro by various mechanisms to form an active tetramer (Hupp and Lane, 1994). One activation pathway for which strong in vivo evidence exists is modi®cation of p53 within the C-terminal negative regulatory domain by phosphorylation at the serine 389 site (serine 392 of human p53) (Blaydes and Hupp, 1998) . Recent studies have used phosphospeci®c IgG to detect phosphorylation at this site in mammalian cells. In the current study we used an anity puri®ed IgG made against a synthetic phospho-peptide based on human p53 (Blaydes and Hupp, 1998) . This IgG (p53 ± Ser392) readily detected mouse p53 phosphorylated in vitro with CK2 (the Ser 389 kinase) and was unable to bind to unphosphorylated protein, showing that it was speci®c for mouse p53 phosphorylated at serine 389 (Figure 7c ). Previous reports have suggested that phosphorylation at serine 389 (human Ser 392) is not stimulated in response to ionizing radiation, but is predominantly associated with signalling pathways activated in response to agents such as UVC-radiation which generate DNA adducts. However, consistent with a recent report that phosphorylation at this site can in fact be stimulated by ionizing radiation (Blaydes et al., 2000) , we found that in normal cells phosphorylation did occur at this site, that it could be uncoupled from p53 accumulation, and that phosphorylation was co-incident with an increase in p21 protein levels (compare Figure 7d with 6b) . This was particularly noticeable in the C57BL/6 strain, which have high levels of serine 389 unphosphorylated p53 protein at 1 h and a delayed induction of p21 (Figure 7a and 6b) .
Discussion
Studies in cell lines have so far failed to identify mechanisms of radiation sensitivity in normal cells, or to de®ne parameters that will allow the classi®cation of tumours into those which would respond well to radiation treatment and those for which treatment would be ineective. In the current study we have used mouse spleen as a model to study radiation responses in non-transformed cells, and have linked physiological outcome to molecular events. When two strains of inbred laboratory mice with a well-de®ned dierential sensitivity to radiation injury were analysed (Nomura et al., 1992; Roderick, 1963; Watson et al., 1997) , striking dierences in the extent of apoptosis were observed in the spleen. This is consistent with previous studies on these mice showing a dierence in the number of apoptotic cells at various tissue sites 4 h post-irradiation (Nomura et al., 1992) . These quantitative dierences in apoptosis were accompanied at the molecular level by dierences in the response of the p53 ± p21/Rb checkpoint axis. Interestingly, we showed that dierences in regulation of the G1-checkpoint proteins all segregated with the DBA/2 parent during the early response to damage when the F 1 hybrid was analysed, showing that like radiation sensitivity, these characteristics are determined genetically by coordinating upstream factors.
There are con¯icting reports about the role of G1-checkpoint proteins downstream of p53 in the regulation of apoptosis and whether p21 and Rb can modulate p53-dependent cell death. Although there is increasing evidence that Rb has the potential to protect cells from apoptosis (reviewed in Harbour and Dean, 60 mg for Bcl-2) from mice treated with whole body radiation (1 Gy) separated by 12% SDS ± PAGE, immunoblotted and developed using the anti-Bax polyclonal (P-19) and the anti-Bcl-2 polyclonal (N-19) 2000; Tan and Wang, 1998) , there is also a growing number of reports supporting a role for Rb as a mediator of cell death (Bowen et al., 1998; Day et al., 1997; Knudsen et al., 1999) . Some of these discrepancies could be explained by cell speci®c eects, however we believe that the phosphorylation status of Rb could also be a key factor in determining its activity during apoptosis. The use of expression systems and tumour cell lines has made it dicult to critically assess the in¯uence of phosphorylation on the anti-apoptotic activity of endogenous Rb in a wild type cellular background. In the current study marked dierences in the level of Rb protein expression and, perhaps more strikingly, its phosphorylation status correlate with dierences in the rate of apoptosis. Thus, in splenocytes from DBA/2 mice, where the rate of apoptosis is low, a signi®cant amount of the Rb protein was in the hyperphosphorylated form, whereas Figure 7 Induction of p53 protein in the spleen after irradiation. (a) Spleen lysates (150 mg) from C57BL/6, DBA/2 and F 1 hybrid animals were separated by 10% SDS ± PAGE and immunoblotted with anti-p53 polyclonal sera (CM5) to determine total p53 protein levels after irradiation at the times indicated. The data are representative of experiments with three separate batches of mice. (b) Western blot developed with CM5. (c) Increasing amounts of recombinant murine p53 expressed in E. coli and sf9 cells was incubated in the presence or absence of CK2 to phosphorylate p53 on Ser389. Samples were analysed by 10% SDS ± PAGE and autoradiography or immunoblotted and detected with p53-Ser392 IgG. (d) Spleen lysates (250 mg) from C57BL/6, DBA/2 and F 1 mice were separated as above, immunoblotted and murine p53 phosphorylated ar Ser389 was detected using p53-Ser392 IgG. The data are representative of experiments with three separate batches of mice G1-checkpoint regulation in vivo M Wallace et al the C57BL/6 strain, where the rate of apoptosis was relatively high, had barely detectable amounts of hyperphosphorylated Rb protein. The induction of apoptosis in various cell lines is accompanied by a shift in Rb from the hyper to the hypo-phosphorylated form (Morana et al., 1996; Wang et al., 1996) and some studies suggest that hypophosphorylated active Rb could be required for apoptosis (Bowen et al., 1998; Day et al., 1997; . For example, radiation induces p53-independent apoptosis in mitogen activated lymphocytes and this can be blocked by Bcl-2 expression (Strasser et al., 1994) ; it has been suggested that this type of apoptosis is Rb-dependent and requires dephosphorylation by an inducible protein phosphatase activity . This is consistent with observations that (i) failure to dephosphorylate Rb is associated with acquired drug resistance Dou and Lui, 1995) ; (ii) Rb dephosphorylation is required for multidrug-induced G1-arrest and apoptosis and (iii) over-expression of Bcl-2 prevents Rb dephosphorylation and apoptosis . Thus, dephosphorylation of Rb itself may be assisting in cell death. It has also been proposed that dephosphorylation of Rb is a necessary step towards its degradation and elimination as an inhibitor of cell death (Tan and Wang, 1998) . Various agents that induced apoptosis lead to the production of a caspase cleaved form of Rb that is missing the C-terminal 42 amino acids ( Figure  4 ; Tan and Wang, 1998 ) and a cleavage resistant Rb mutant decreases the rate of cell death in response to some stimuli (Boutillier et al., 2000; Tan et al., 1997) . Caspase cleavage is associated with Rb dephosphorylation and in turn it has been shown that addition of caspase inhibitors can prevent Rb dephosphorylation.
Thus, it appears that phosphorylation of Rb may be an important determinant of Rb activity during apoptosis. The fact that dephosphorylation of hyperphosphorylated Rb appears to be a prerequisite for caspase cleavage during apoptosis, suggested to us that (i) the hyperphosphorylated form is a poor substrate for caspase 3 and (ii) that failure to dephosphorylate Rb could potentially inhibit cell death. The data presented showing that Rb does not become dephosphorylated in surviving splenocytes from DBA/2 mice, lends strong support to the idea that hyperphosphorylated Rb contributes to the reduced rate of cell death observed in this strain. It is often assumed that the loss of active Rb alleles and hyperphosphorylation of Rb, as measured by mobility shift, are equivalent in terms of activity. If this is true why then does Rb need to be dephosphorylated and then cleaved during apoptosis? We suggest that hyperphosphorylation of Rb contributes to its inhibitory activity during apoptosis and also that cleaved Rb could directly promote cell death in non-transformed cells. Hence, protein kinases/ phosphatases that modify Rb would be expected to play an important part in regulating the rates of radiation induced cell death in whole animals.
Using irradiated p537/7 mice we found that the cleavage of Rb was impaired, suggesting that cleavage in the spleen is p53-dependent. These results are similar to those seen in cultured lymphoid cells exposed to low doses of ionizing radiation (Gottlieb and Oren, 1998) , where the expression of wt p53 permitted cleavage of Rb. Interestingly, although we were unable to determine the eect of p53 on Rb phosphorylation status, the absence of active p53 in the Gottlieb and Oren (1998) study also appeared to prevent Rb dephosphorylation. Although it might be assumed that p53 would aect Rb phosphorylation through the cyclin dependent kinase inhibitory activity of p21, the current data suggest that dephosphorylation of Rb preceded induction of p21. The uncoupling of Rb dephosphorylation from p21 induction has also been seen in cells undergoing a p53-dependent growth arrest in response to changes in redox conditions (Esposito et al., 2000) . Together these data suggest that Rb phosphorylation status and subsequent cleavage can be regulated in a p53-dependent pathway that does not precede through p21. One possibility is a p53-dependent protein phosphatase, such as the radiation inducible wip1 (Fiscella et al., 1997) . Thus, Rb may be linked to p53 either through its ability to induce p21 or by p21-independent mechanisms.
Whether Rb by itself is able to regulate the rate of cell death, as we have discussed, is controversial. However, it seems rational to propose that if proteins upstream of Rb are regulated coordinately with Rb, its status may contribute to the regulation of the G1-checkpoint and cell death pathways. The general consensus strongly implicates p21 as an inhibitor of cell death by apoptotic mechanisms (Bunz et al., 1999; Freemerman et al., 1997; Komarova et al., 2000; Tian et al., 2000; Waldman et al., 1997) . Whether p21, per se, is able to prevent apoptosis or whether it acts solely by promoting G1-arrest is unclear. However, one recent study suggests that cytoplasmic p21 is a direct inhibitor of ASK1 (apoptosis signal-regulating kinase 1) (Asada et al., 1999) , a member of the MAPKKK family, whose activity is associated with the induction of apoptosis. In addition, full-length p21 has been reported to inhibit caspase 3 by preventing cleavage of the pro-enzyme to its active form (Suzuki et al., 1999) . Our experiments reveal distinct dierences in the kinetics of p21 induction in C57BL/6 and DBA/2 mice. p21 is induced early in the DBA/2 mice and this induction is sustained up to 6 h post-irradiation. In contrast, the induction of p21 in the C57BL/6 mice is delayed and is seen only transiently. This supports the hypothesis that p21 can modulate p53-proapoptotic activity preventing extensive apoptosis in the DBA/2 splenocytes. This is consistent with the report that p21 anti-sense therapy radiosensitizes human colon cancers by converting cell cycle arrest to apoptosis (Tian et al., 2000) and that the level of radiation induced apoptosis in the spleen of p217/7 mice is dramatically elevated (Komarova et al., 2000) . Although basal levels of p53 protein are higher in the C57BL/6 mice, and are increased more rapidly in response to whole body radiation, they do not translate into early induction of p21. This supports the theory that the`dose' of p53 (Wilson et al., 1998) , and also its phosphorylation status, may aect cellular outcome with high expression of p53 more likely to induce apoptosis than growth arrest.
Together the data reported here are consistent with a model where coordinated perturbation of the p53 ± p21 and p53 ± pRb pathways can modify the rates of apoptosis in vivo. Cells where p53 protein can accumulate more rapidly, where p21 protein production is not sustained and where hypophosphorylated Rb predominates undergo more signi®cant rates of radiation-induced cell death, as seen in the C57BL/6 inbred strain. In contrast, cells where p53 protein induction is delayed, where p21 protein induction is sustained and where hyperphosphorylation of Rb is high, undergo the reduced rates of apoptosis, as seen in the DBA/2 strain. Thus, the extent of cell death is intimately connected to regulation of proteins downstream of p53. As regulatory events controlled by p53, pre and up to two hour post-irradiation, co-segregate in the F 1 hybrid they are likely to be coordinated by dominant upstream factors. In addition, as regulation of the G1-pathway in the F 1 animals begins to look more like the C57BL/6 parent at 6 h, which is consistent with the intermediate level of cell death, additional genetic modi®ers must impact on regulation of the G1-response and the rate of cell death. Thus, genetic dierences in regulation of p53-dependent alterations in p21 and Rb activity provide a foundation to determine whether dierences in sensitivity to radiation observed in the human population occur through this tumour suppressor pathway.
Materials and methods
Animals
The animals studies were carried out in compliance with guidelines issued by the Medical Research Council and the UK Home Oce Project, Licence PPL30/1272. All animals were bred, housed and irradiated on-site to ensure uniformity of conditions. The p53 null animals were on a hybrid (C57BL/66129/sv) genetic background (Lowe et al., 1993) . In general, adult mice, C57BL/6, DBA/2 and (DBA/ 26C57BL/6) F 1 hybrid, were exposed to 1 Gy whole body X-irradiation. Alternatively, the animals used to compare the response of the p537/7 animals to the C57BL/6 and DBA/2 strains, received 1.33 Gy of whole body g-radiation (equivalent to 1 Gy of X-ray). Animals were sacri®ced at a later time, the spleen was removed, frozen in liquid nitrogen and stored at 7808C or ®xed in formalin, processed and embedded in paran wax.
Antibodies and reagents
The following antibodies were used in these experiments: rabbit polyclonal anti-p53 (CM5, Midgley et al., 1995) , mouse monoclonal anti-p21 F5 (Santa Cruz) and 118 (Fredersdorf et al., 1996) , rabbit polyclonal anti-Rb (C-15, Santa Cruz), mouse monoclonal anti-Rb (G3-245, PharMingen), rabbit polyclonal anti-Cdk4 (C-22, Santa Cruz), mouse monoclonal anti-PARP (C-2-10, BIOMOL), rabbit polyclonal anti-Bax (P-19) and anti-Bcl-2 (N-10) (Santa Cruz), mouse monoclonal anti-b-actin (Sigma). Anity puri®ed p53-Ser392 IgG (Blaydes and Hupp, 1998) . All the above antibodies were used at a concentration of 1 mg/ml, peroxidase-conjugated swine anti-rabbit (DAKO) and peroxidase-conjugated rabbit anti-mouse (DAKO) were used at a dilution of 1/2000.
Apoptosis
Spleen sections (4 mm) were cut from paran, dewaxed and stained with haematoxylin and eosin. Apoptosis was assessed on morphological characteristics, such as chromatin condensation, cell shrinkage and formation of apoptotic bodies (Wyllie et al., 1980) . Apoptosis was quanti®ed by enumerating apoptotic cells in at least 15 high power ®elds (640). Apoptosis is presented as the mean number of apoptotic cells+standard error of the mean per high power ®eld.
Tissue extraction
Whole frozen spleen were homogenized in lysis buer (25 mM HEPES, pH 7.6, 1% (v/v) NP-40, 150 mM KCl, 5 mM DTT, 50 mM NaF, 10 mg/ml leupeptin, 4 mg/ml aprotinin, 2 mg/ml pepstatin, 10 mg/ml soya bean trypsin Inhibitor, 400 mg/ml Pefabloc, 1 mM EDTA, 1.2 mM benzamidine) and incubated on ice for 15 min. The supernatant was removed after centrifugation at 14 000 g for 15 min, frozen liquid nitrogen and stored at 7808C. Protein concentration was estimated using Bradford reagent and standardized against BSA. 50 ± 250 mg of tissue lysate was separated on 8, 10 or 15% SDS polyacrylamide gels as detailed in the ®gure legends. Western blot analysis was carried out as previously described (Ball and Lane, 1996) .
Phosphatase treatment of mouse tissue
Spleen lysate (80 mg) from DBA/2 mice was incubated in the presence or absence of calf intestinal phosphatase (1 ml) (New England Biolabs, 10 000 units/ml) with reaction buer (15 ml) as supplied by the manufacturer and incubated at 378C for 1 h. The reaction was stopped by the addition of sample buer, analysed by SDS ± PAGE, and immunoblotting with anti-Rb antibodies (see above). Frozen spleen from DBA/2 mice were homogenized in lysis buer in the absence of NaF (25 mM HEPES, Ph 7.6, 1% (v/v) NP-40, 150 mM KCl, 5 mM DTT, 10 mg/ml leupeptin, 4 mg/ml aprotinin, 2 mg/ml pepstatin, 10 mg/ml soya bean trypsin inhibitor, 400 mg/ml Pefabloc, 1 mM EDTA, 1.2 mM benzamidine), incubated on ice for 15 min and centrifuged at 14 000 g for 15 min. As a control in vitro translated (TNT-coupled reticulocyte system, Promega) recombinant mouse Rb (5 ml) generated using pT7.7mRb was left untreated or phosphorylated with Cdk2 and 4 as previously described .
Cleavage of recombinant Rb by caspase 3 pT7.7mRb was a kind gift from Dr Carol Midgley. In vitrotranslated recombinant mouse Rb (5 ml) generated using pT7.7mRb was incubated with 5 ng of puri®ed recombinant human caspase 3 (PharMingen) in a 20 ml reaction mixture (20 mM PIPES pH 7.2, 100 mM NaCl, 10 mM DTT, 1 m EDTA, 0.1% (w/v) CHAPS, 10% (w/v) sucrose) at 378C for 1 h. The reaction was stopped by the addition of sample buer and analysed by SDS ± PAGE and Western blot analysis (see above).
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Phosphorylation of murine p53 by CK2
Full-length murine p53 protein puri®ed from E.coli or sf9 expression systems (kind gift from Dr Ted Hupp) was incubated for 20 min in a ®nal volume of 20 ml kinase buer (50 mM HEPES, pH 7.4, 10 mM MgCl 2 , 0.8 mM EDTA, 0.8 mM DTT, 100 mm ATP with [g-32 P]-ATP (250 c.p.m./ p.mol)) in the presence or absence of 0.1 mU of CK2. The reaction was stopped by the addition of sample buer and analysed by 10% SDS ± PAGE and autoradiography.
